extensive mutagenesis in regions that have been suggested to be involved in PIP 2 interactions among the 23 KCNQ family. Using the zebrafish (Danio rerio) voltage-sensitive phosphatase to deplete PIP 2 as a probe 24 for apparent affinity of the channels, we found that PIP 2 modulates KCNQ channel function through four 25 different domains. 1) the A-B helix linker that we previously identified as important for both KCNQ2 and 26 KCNQ3, 2) the junction between S6 and the A helix (S6Jx), 3) the S2-S3 linker and 4) the S4-S5 linker. We 27 found that PIP 2 interactions within these domains were not coupled to the voltage dependence of activation.
28
Extensive homology modeling and docking simulations between the wild-type or mutant KCNQ3 channels 29 and PIP 2 , correlated with the experimental data. Our results indicate that PIP 2 modulates KCNQ3 channel 30 function by interacting synergistically with a minimum of four cytoplasmic domains.
31

INTRODUCTION
In our patch-clamp experiments, we used the well-expressing KCNQ3 A315T (KCNQ3T) channel as simulations were performed to seek a structural framework for our experimental results. We find that all the 97 regions tested complement the PIP 2 -binding "cationic cluster" previously described in the A-B helix linker 98 for KCNQ2 and KCNQ3 (Hernandez et al., 2008) . Whereas the four domains identified here for KCNQ3 as 99 interacting with PIP 2 are conserved with KCNQ1, and likely, KCNQ2, mutations that lower the apparent 100 affinity of the channels for PIP 2 were not correlated with alterations in voltage dependence.
102
RESULTS
103
We choose Danio rerio (Dr)-VSP because it activates at +40 mV, well positive to the saturating 104 voltage for all KCNQ channels. Upon activation of Dr-VSP by depolarization to +120 mV, which 105 dephosphorylates PIP 2 into PI(4)P, quantification of the rate of decay of the current provides an estimate of 106 changes in k off of PIP 2 from the channels due to mutations. We realize that this is an approximation, due to 107 confound of the known rate of Dr-VSP dephosphorylation of PIP 2 by Dr-VSP at that voltage (τ ~ 250 ms).
108
However, the deconvolution of those rates is beyond the scope of this paper; moreover, we would need 109 information on the allosteric influence of the binding of one PIP 2 molecule with one subunit on its affinity 110 with another, and the precise number of PIP 2 molecules required for the opening of KCNQ3 homomers, and 111 both sets of data are lacking at this time. Upon the step back to +30 mV, changes in k on of PIP 2 due to 112 mutations were estimated by the rate of recovery of the current. We again realize that this estimate is an 113 approximation due to the confound of the known rate of PI(4)P-5 kinase (τ ~ 10s) (Falkenburger et al., 114 2010). Again, a more sophisticated deconvolution would be extremely difficult without more information, 115 which is not presently available.
116
Besides the measurements described above, we also compared the amplitude of tonic whole-cell previous work, we found the KCNQ3T current to be suppressed by a supramaximal concentration (10 μM) 162 of the receptor agonist, oxotremorine methiodide (oxo-M), by only 32.9 ± 8.9 % (n = 3); similarly for cells 163 expressing KCNQ3T-R195A the maximal inhibition was 24.9 ± 5.8 % (n = 7); whereas for KCNQ3T-
164
R190A the maximal inhibition was 63 ± 13 % (n = 6; p < 0.05) indicating the R190A mutation to reduce 165 PIP 2 affinity, consistent with the Dr-VSP assay (Figs. 2G, S1 ). Neither the R190Q/A, nor the R195Q/A, 166 mutations affected the voltage dependence of activation (Fig. 2C) , suggesting that the apparent affinity of 167 PIP 2 for this site to be unrelated to voltage dependence.
168
We found the H257N mutation in the S4-S5 linker (Figs. 1B, C and 2) to result in strongly reduced 169 current densities, from 197 ± 6 pA/pF to 30 ± 3 pA/pF (n = 7, p < 0.001); the rate of current decay after Dr-
170
VSP activation was much faster than KCNQ3T (0.58 ± 0.14 s, n = 4, p < 0.05) and the rate of recovery was 171 slightly slower (11.03 ± 1.4, n = 2) although it was not suitable for analysis in most of the cells recorded,
172
probably due to the astounding shift in the voltage dependence of activation from -34.0 ± 1.9 mV in 173 KCNQ3T to 2.5 ± 2.8 mV in H257N (n = 7-19). Thus we turned again to quantifying the result of M 1 R 174 stimulation; for cells co-transfected with M 1 Rs and the KCNQ3T-H257N mutant, the maximal inhibition 175 was 81.6 ± 7.9 % (n = 4) (Fig. 2G, S1 ). Together this results indicate that the H257N mutation reduces the 176 apparent PIP 2 affinity of the channels.
177
Since the R243H mutation in the S4-S5 linker was shown to reduce the apparent affinity of KCNQ1 178 for PIP 2 (Park et al., 2005) and R243 is conserved in other KCNQ channels (R242 in KCNQ3) (Fig. 1A ), we 179 also tested the effect of the R242A mutation on KCNQ3T channels (Fig. 2) . This mutant resulted in reduced 180 current densities (146 ± 16 pA/pF, n = 7, p < 0.001) and slowed rate of current recovery (14.2 ± 1.7 s, n = 10, 181 p < 0.05) in the VSP assay, nonetheless, the rate of decay upon turn-on of Dr-VSP was not significantly 182 affected (0.77 ± 0.13 s, n = 10). M 1 R stimulation inhibited the current by 64.8 ± 9.2 % (n = 3; p <0.01), two 183 fold greater than for KCNQ3T (Fig. 2G, S1 ). These results are consistent with a role of R242 in PIP 2
184
interactions. This mutation resulted also in a pronounced shift of the voltage-dependence of activation 185 towards more positive potentials (V 1/2 : -4.0 ± 3.2 mV, n = 7) (Fig. 2C) . The adjacent mutation R243A was 186 also tested; this mutant displayed reduced current densities as well (56 ± 16 pA/pF, p < 0.001), faster rate of 187 current decay upon Dr-VSP turn-on (0.59 ± 0.19 s, p < 0.05) and slowed recovery after Dr-VSP turn-off 188 (13.1 ± 1.8 s, p < 0.05). Surprinsingly the voltage-dependence of activation for this adjacent mutant was not 189 affected (V 1/2 : -31 ± 4.7 mV, n = 4). When both arginines where mutated to alanines, the whole-cell current 190 densities were reduced (65 ± 11 pA/pF, n = 11, p < 0.001), similar to the R243A single mutant. The rate of 191 current decay and recovery after Dr-VSP turn-on or turn-off were significantly affected (0.45 ± 0.11 s, p < 192 0.01 and 15 ± 1.7 s, p < 0.05; n = 5) to a greater extent than either of the single mutations. The voltage- dependence of activation of the double mutant displayed the same positive shift as for the R242A single 194 mutant (V 1/2 : -0.2 ± 2.9 mV, n = 5). The M 1 R-mediated inhibition of the double mutant was 91.6 ± 2.7 % (n 195 = 4) (Fig. 2G) . These results are consistent with an interaction of the KCNQ3 S4-S5 linker with PIP 2 , which 196 again seems not to be coupled to the voltage dependence of activation of the channels. Clearly, however, the 197 S4-S5 linker of KCNQ3 itself is coupled to channel voltage dependence, just not in a way that involves PIP 2 .
198
A summary of the data is presented in Table 1 .
200
Interactions of PIP 2 with the S6Jx domain in KCNQ3 channels 201 Three basic residues (K354, R360, and K362) in the S6Jx of KCNQ1, which are conserved in 202 KCNQ3 (K358, R364 and K366) (Fig. 1A) , have been found to play a role in PIP 2 interactions (Eckey et al., (Fig. 1A) , we asked whether PIP 2 interacts with the S6Jx domain in KCNQ3T channels (Fig. 4) .
208
We found the R364A mutation to significantly decrease current amplitudes (72 ± 8 pA/pF, vs. 197 ± 6 209 pA/pF for KCNQ3T, n = 6, p < 0.001); whereas the K358A and K366A mutations did not (195 ± 7 and 187
210
± 12 pA/pF, n = 8-9, respectively) ( Fig. 4A, B) . As before, we measured the responses of each mutant to 211 PIP 2 dephosphorylation by Dr-VSP and the rate of recovery upon Dr-VSP turn-off and found the R364A 212 mutation to result in a much faster decay of the current (0.14 ± 0.02 s, n = 5, p < 0.001) upon activation of 213 Dr-VSP, and a much slower recovery of the current (27.7 ± 6.9 s, n = 5, p < 0.001) upon its turn off ( We also tested the effect of the K358A and K366A mutations in combination with R364A as the 218 triple mutant KRK-AAA. The KRK-AAA mutant decreased the current amplitude similarly as did R364A
219
(79 ± 11 pA/pF, n = 8), and such channels indicated a similarly reduced apparent affinity for PIP 2 (τ decay = 220 0.29 ± 0.04 s; τ recovery = 17.9 ± 2.6 s, n = 6-7, p < 0.001) using the Dr-VSP assay, (Fig. 3A, (Fig. 3C) . Strikingly, however, the KRK-AAA triple-mutation uniquely in this 223 domain resulted in channels with a voltage dependence of activation markedly shifted towards more positive 224 potentials. For KCNQ3T and KCNQ3T-KRK-AAA, the half activation potentials were: -34.0 ± 1.9 and -6.3 225 ± 2.5 (n = 7-19), respectively. We also tested the effects of the H367C mutation on KCNQ3T, which is 226 slightly downstream of R364 in the S6Jx domain. This mutation only slightly reduced current densities (138 227 ± 5 pA/pF, n = 6, p < 0.01), but significantly increased the rate of decay of the current (0.32 ± 0.05 s, n = 6, 228 p < 0.01) upon activation of Dr-VSP, and slowed its recovery (36.7 ± 6.9 s, n = 6, p < 0.001) upon Dr-VSP (Fig. 3C, Table 1 ).
231
Taken together, these results strongly implicate the S6JxA domain of KCNQ3 channels as an important site 232 for PIP 2 interactions, as for KCNQ1 channels, and this altered apparent affinity for PIP 2 also seems not to 233 linked an altered voltage dependence of activation.
235
The A-B helix linker contributes strongly to the apparent affinity for PIP 2 . 236 We previously identified a cluster of basic residues (K425, K432, and R434) in the linker between 237 helices A and B (A-B linker) of both KCNQ2 and KCNQ3 to be critical for PIP 2 -mediated control of gating,
238
with mutations of this cluster in KCNQ2 to be somewhat more potent than for KCNQ3 (Hernandez et al., of this domain of KCNQ3 using the same assays as before. We found that the deletion of the A-B linker (Δ 242 linker) decreased whole-cell current amplitudes by about half (112 ± 10 pA/pF, n = 11, p < 0001) (Figs. 4A, 
243
B). In cells co-expressing KCNQ3T (Δ linker) with Dr-VSP (Fig. 4D) , the rate of current decay upon Dr-
244
VSP turn-on was ~3-fold faster (0.26 ± 0.04 s, n = 7, p < 0.001), compared to KCNQ3T (Fig. 4E, Table 1 ), 245 and the rate of current recovery upon turn-off of Dr-VSP was significantly slower (13.5 ± 2.2 s, n = 7, p < 7 0.05) (Fig. 4F, currents of -34.0 ± 1.9 mV and -32.5 ± 1.5 mV, respectively ( Fig. 4C ; Table 1 ).
252
We wondered what the result would be of combining both the RH-AC mutation within the S6Jx 253 domain with the KCNQ3T (Δ linker) mutant. To our surprise, such severely mutated channels nonetheless 254 still yielded very small, but observable, PIP 2 -dependent currents (Fig. 4) . Thus, the whole-cell current 255 density was dramatically decreased from 197 ± 6 to 16 ± 2 pA/pF (n = 8, p < 0.001) (Fig. 4B , Table 1 Table 1 ). The small amplitude of the currents from such severely-mutated channels tested here preclude any 5). These data indicate that the decrease of the whole-cell current density is not due to divergent expression 284 of mutant KCNQ3T channels in the plasma membrane. In fact, the YFP emission from KCNQ3T (H257N) 285 is even higher than that of KCNQ3T, suggesting that the H257N mutation increases the number of channels 286 at the plasma membrane. Thus, differential membrane abundance of channel proteins does not underlie the 287 differences in macroscopic current amplitudes reported in this study. In an attempt to construct a framework of these four sites into a coherent structural model of PIP 2 293 interactions with the channels, we performed homology modelling and PIP 2 docking simulations for all of 294 the mutants studied in this work. Our overall hypothesis emerging from the experimental data supposes a 295 network of interactions between basic residues located in the S2-S3 linker, the S4-S5 linker, and the S6Jx (Fig. 1E) , 312 the phosphate head-group of PIP 2 is predicted to be directed towards R242 and R243 in the S4-S5 linker and 313 K358 and K366 in the S6Jx, and also predicted to form hydrogen-bond interactions with the nearby residues 314 within the same subunit in both the S4-S5 linker and S6Jx (Fig. 1E , residues in blue in Sub-D). Of note, the 315 acyl tail of PIP 2 is predicted to be directed toward residues in the inner face of S5 (H257) and S6 (F343, 316 F344, L346, and P347) in the neighbouring subunit (Fig. 1E , residues in orange in Sub-C). Thus, PIP 2 317 appears to be cross-linking neighbouring subunits, in analogy with a role for PIP 2 reported for GIRK2 (Fig. 1E , residues colored in blue), and S5 of the neighboring subunit (H257) (Fig. 1E,   327 residues colored in orange) are predicted to be involved in the interactions of PIP 2 with WT KCNQ3.
328
However, our experimental data demonstrate that mainly R190, R242, R243, H257, R364 and H367 are the 329 determinants of PIP 2 interactions, whereas K358 and K366 did not seem important. Therefore, we used our 330 model to ask whether these sites are predicted to alter PIP 2 interactions. We analyzed PIP 2 docking 331 simulations for the following mutants: R190Q, R242A, H257N, R364A, KRK-AAA, H367A, K358A, and 332 K366A (Fig. 6) . Unlike WT KCNQ3, PIP 2 docking simulations of R190Q (Fig. 6A), H257N (Fig. 6C) 333 R364A (Fig. 6D), H367A (Fig. 6F) , and K366A (Fig. 6H ) predict a network of interactions mainly with two 334 positively charged residues of the S4-S5 linker (R242, R243) and one in S6Jx (K358) of the same subunit. Moreover, the R242A, H257N and KRK-AAA mutations are predicted to cause major structural 341 rearrangements in the S4-S5 linker, S5, S6 and S6Jx (Fig. S2) . Again, we realize that the experimental data 342 reported little functional effects of charge neutralization of the K358 and K366 residues that might have 343 been predicted to stabilize the interactions of PIP 2 with the channels. However, the simulations of PIP 2 with 344 K358A and K366A (Figs. 6G, H) predict that whereas the orientation of PIP 2 in the inner face of S6Jx is 345 opposite of that predicted for WT channels, the predicted interactions at residues R242 and H257 are of activation observed in our data, we generated additional structural models of KCNQ3 in the closed state 9 9 using as a template the co-ordinates of the Kv1.2 channel solved in the resting/closed state (Khalili-Araghi 354 et al., 2010). For the modeled closed KCNQ3 channels, the inositol ring of PIP 2 is predicted to be oriented 355 towards K103 in S1, R188 in the S2-S3 linker, and R227 and R230 in S4; whereas the acyl tail of PIP 2 is 356 predicted to form hydrogen bonds with residues in S2 and S4 within the same subunit (Figs. 7A, B, C) . To 357 correlate these predictions with function, we performed additional patch-clamp experiments, assaying the 358 effect of charge-neutralizing mutations on the apparent PIP 2 affinity of KCNQ3T, again using the Dr-VSP 359 approach. We found that substitution of these positively charged residues with an alanine significantly 360 accelerated the rate of decay of the current upon turn-on of Dr-VSP, compared to KCNQ3T. For KCNQ3T,
361
KCNQ3T-K103A, KCNQ3T-R188A, KCNQ3T-R227A and KCNQ3T-R230A, the rate of decay was 362 respectively 0.84 ± 0.13 s, 0.29 ± 0.05 s, 0.48 ± 0.11 s, 0.18 ± 0.03 s and 0.20 ± 0.03 s, respectively (n = 5-363 11, Fig. 7D ). All the point mutants displayed a slower rate of recovery compared to KCNQ3T. We then 364 wondered if combining the K103A and R188A and the R227A and R230A double mutations would result in 365 a synergistically greater reduction in apparent PIP 2 affinity than either mutation alone. We found the rate of suggesting that this residue may also interact with PIP 2 in KCNQ2. Unlike R188, R227 is conserved in all 377 KCNQ channels and may also be critical for PIP 2 -binding to KCNQ1-5 channels. Comparison of the regions of KCNQ1-3 channels contributing to PIP 2 interactions.
400
The present work, reporting R364 and H367 mutations of KCNQ3T, corresponding to R325A and 
428
The basic residues of both S2-S3 and S4-S5 linkers are highly conserved among KCNQ channels. In our 429 experiments, K103A, R188A, R190Q, R227A and R230, but not the R195Q or R195A mutations, in S1, the interactions at the VSD-PD interface, consistent with PIP 2 /KCNQ channel interactions involving a complex 441 network of basic residues along the VSD-PD interface and the C-terminus that cooperatively favor opening.
442
They also suggest that a structural mechanism of channel opening involves PIP 2 -mediated inter-subunit 443 interactions. Interestingly, such PIP 2 -channel interactions have also been described in the crystal structures 444 of K ir 2.2 and GIRK2 (K ir 3.2) channels, corresponding to the S4-S5 linker, pore domain and the C-terminus coupling between the VSD and the PD? In Kv1.2, replacement of an arginine with a glutamine (R322Q) in the S4-S5 linker, which is involved in VSD-PD coupling, affected the channel voltage dependence of recording was used with amphotericin B (600 ng/ml) in the pipette (Rae et al., 1991). Amphotericin was 514 prepared as a stock solution as 60 mg/ml in DMSO. In these experiments, the access resistance was typically 515 7-10 MΩ 5-10 min after seal formation. Cells were placed in a 500 μl perfusion chamber through which 516 solution flowed at 1-2 ml/min. Inflow to the chamber was by gravity from several reservoirs, selectable by 517 activation of solenoid valves (Warner Scientific). Bath solution exchange was essentially complete by <30 s.
518
Experiments were performed at room temperature.
519
Currents were studied by holding the membrane potential at -80 mV, and applying 800 ms 520 depolarizing pulses from 60 mV to -80 mV, every 3 s. KCNQ-current amplitude was measured at 60 mV.
521
To estimate voltage dependence, tail current amplitudes were measured ~20 ms after the repolarization at - that this system has now been very significantly upgraded.
552
Structural homology, simulation and docking models.
553
The human KCNQ3 channel sequence in FASTA format (uniprot ID O43525) was loaded into Swiss- template. The initial sequence alignments between the KCNQ3 channel and Kv1.2 were generated with full-558 length pairwise alignments using ClustalW (Thompson et al., 1994) . Sequence alignments were inspected 559 manually to assure accuracy among structural domains solved from the template. Since the turret domain of 560 the KCNQ3 subunit was absent in the solved Kv1.2 structure, residues 287-296 were excluded from the 561 modeling. The A315T pore mutation was also omitted from the template as, it does not change the apparent 
565
Before energy minimization using GROMOS96 (Schuler et al., 2001 ), the resulting structural models of 566 KCNQ3 subunits were manually inspected, the structural alignments confirmed and evaluated for proper H-bonds and the presence of clashes and missing atoms using estimated using Molegro Molecular Viewer 568 (www.clcbio.com). Further structural models were generated by rearrangement of four KCNQ3 subunit 
589
Before the simulation, a list of residues for three predicted binding sites for PIP 2 in the docking site was 
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Hydrogen bonds are not shown. after Dr-VSP turn-off (n = 5-11). **p < 0.01; *** p < 0.001. exponential fits to recovery after Dr-VSP turn-off (n = 6-11). * p < 0.05, *** p < 0.001. Values represent mean ± S.E.M. *, ** and *** P < 0.05, P < 0.01 and P < 0.001 (one-way ANOVA with shown KCNQ3 current waveforms before and after the application of oxo-M at the concentrations indicated. 
